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Introduction
Detection of very early glaucoma remains a challenge. In general, the diagnosis is based on structural and functional abnormalities. Static automated perimetry provides the measure of visual field (VF) function in most clinical settings. While optic disc examination typically provides the structural measure, imaging devices are increasing in resolution, and their ability to detect fine detail in the retina is making them ever more important as a structural measure.
Since the advent of optical coherence tomography (OCT) scanning of the retina, the thickness of the peripapillary retinal nerve fiber layer (RNFL) has been used as a structural measure of glaucomatous damage. 1, 2 With the relatively new frequency domain (fd) OCT, it is now possible to distinguish the thickness of the other inner retina layers, e.g., retinal ganglion cell (RGC) layer plus inner plexiform (IP) layer from the RNFL. [3] [4] [5] [6] This has made it possible to study RGCs in the macula, where their density is greatest, and compare the results to VF measures. For example, Wang et al, 5 using a manual segmentation procedure, found that the local thickness of the RGCþIP (RGCþ) layer shows qualitative agreement with local loss in VF sensitivity. More recently, Raza et al 7 combined an automated segmentation algorithm 8 with a hand-correction technique to measure the RGCþ layer thickness seen on frequency domain optical coherence tomography (fdOCT) macular cube scans. These thickness values can be presented as probability maps indicating the regions of the macula with an abnormally thin RGCþ or RNFL. 9 These probability maps provide information about the RGCs of a particular patient and can be compared directly to the VF probability plot. 9 This work is part of the larger literature using fdOCT disc and/or macular scans to study individual patients, often with the goal of improving sensitivity and specificity for detecting glaucomatous damage or its progression. Here a different approach was taken. Instead of focusing on the individual, the OCT thickness maps from healthy controls and patients with glaucomatous optic neuropathy were averaged. While averaging discarded information about the individual, it provided a clearer view of common patterns and trends. The purpose was to better understand the patterns of glaucomatous abnormalities by averaging the RGCþ and RNFL thickness maps from fdOCT scans. Patients were grouped based upon the pattern and overall degree of their field loss by mean deviations (MDs). As detailed below, a number of interesting findings emerged from these data, including the nature and extent of glaucomatous damage of the macula. These findings have implications for glaucoma screening, diagnosis, monitoring, and treatment.
Methods

Subjects
The healthy control group consisted of 54 eyes (53.2 6 8.0 years) from 54 individuals (data supplied by Topcon, Inc.). They were selected from a larger group (n ¼ 128) of controls based upon being older than 40 years. Inclusion criteria were: a correction between þ3.0D and À6.0D, IOP 21 mmHg; axial length between 22 to 26 mm; a normal clinical examination, and normal VFs (SITA Standard 24-2 test procedure; Carl Zeiss Meditec, Inc, Dublin, CA); false negative responses and fixation losses 33% and false positives 15%). Exclusion criteria included a history of ocular disease or a family history of glaucoma.
The patient group consisted of 156 eyes (55.7 6 11.9 years) of 96 patients, all of whom had glaucomatous optic neuropathy in at least one eye based on clinical examination. Reliability criteria for the 24-2 VFs were fixation losses 30%, and false negative rate 30% and false positive rate 15%. The VFs could be normal, and thus the eyes studied included glaucoma suspects. Patients with cataracts and/or a history of ocular surgery or of other ocular or neurologic diseases that could affect structural or functional measurements were excluded. Written, informed consent was obtained from all participants. All subjects were treated in accordance with the Declaration of Helsinki and the protocol was approved by the institutional review boards of Columbia University and New York Eye and Ear Infirmary.
Visual Field Classification and Analysis
The patients' eyes were grouped in two ways: by MD and by perimetric superior and inferior hemifield classifications. For the MD groups, the MD for the entire field (from the 24-2 VF report) was used to form three patient groups with MD values better than À1.5 dB (n ¼ 55 eyes), À1.5 to À5.5 dB (n ¼ 76), and worse than À5.5 dB (n ¼ 23). Table 1 shows the mean (6SD) of the MD and age of the eyes in each group, along with the average total deviation (TD) for the upper and lower hemifields. Note the latter was taken as the average of the TD values in dB in a superior or inferior hemifield.
For the grouping by perimetric hemifield classification, one of the authors (C.A.J.), experienced in VF classification, categorized the VFs of the 24-2 tests according to the scheme described by Keltner et al. 10 Table 2 shows the seven categories used. For further analysis, four categories were focused on: normal, paracentral, partial arcuate, and arcuate. These categories were chosen for two reasons. First, these categories included 26 or more hemifields. Second, according to Keltner et al., 10 years) for the lower field. Table 3 shows the mean (6 SD) age of the eyes in each group analyzed, along with the average total deviation.
OCT Testing and Analysis
All subjects had 3D cube (volume) scans (over a 6 mm by 6 mm region, 128 horizontal B-scans with 512 A-scans each) obtained with both the macula and optic disc fixation targets (3D-OCT 1000; Topcon, Inc., Paramus, NJ). Scans with poor fixation and blink artifacts were rejected. To determine the thickness of the RGCþ and RNF layers, a combination of automated segmentation 8 and hand-correction 7 was used. In particular, for each B-scan, the boundaries of anatomic layers were determined using a previously validated automated segmentation algorithm, 8 which was then hand-corrected. Trained operators, who were masked to the other information about the patient, did the hand-correction. Figure 1 shows the results for a single healthy control. The right column contains a sample B-scan through the center of the macula (top two panels) and optic disc (bottom panel). Measurements were made for the thickness of both the RGCþ and RNF layers for the macula scans and the RNFL for the optic disc scan. (Measurements were not made of the RGCþ thickness for the optic disc scan as it was sometimes difficult to identify the border between the IP and inner nuclear layers. In any case, the RGCþ layer is thin outside the macula 7 and thus adds little information.) From the segmented results, two thickness maps were generated for the macular scan (RGCþ and RNF layers) and one map (RNFL) for the optic disc scan. These are displayed in Figure 1 (left column) in pseudo-color.
The centers of the fovea and disc were determined for each individual. By aligning the macular and cube scans based upon blood vessels, a calculation was made of the fovea-to-disc distance and the angle between the centers of the disc and fovea for each individual. From these individual data, average values were computed. Figure  2 for the optic disc (A) and macular (B) scans. All eyes are shown in retinal view so that the superior retinal region corresponds to the lower VF. In addition, all eyes are presented as if they were right eyes.
Results
Healthy Controls
There are two RNFL thickness maps in Figure 2 , one from the optic disc scan (panel A) and one from the macular scan (left column of panel B). The two RNFL thickness maps were combined in panel C after aligning them using the average distance (14.98) between the center of the fovea (yellow þ) and optic disc (black þ) and the average angular offset (6.48) of the disc relative to the fovea. These values were obtained from the 54 healthy control eyes (see Methods section) and are similar to those in the literature. [11] [12] [13] [14] The red and yellow areas in Figure 2C are the well-known thick RNFL regions associated with the preponderance of arcuate fibers in the superior and inferior quadrants of the disc. (Note: while most of this thickness is due to the increased density of axons, part of it is due to contributions of blood vessels in this region.) 15 There are important aspects of Figure 2C , which will be considered further in the Discussion section. However, for now it is noted that the RNFL is relatively thin in the macular cube scan and thus the macular RNFL thickness plot is ignored in the interest of simplifying subsequent figures.
The average thickness of the macular RGCþ region in Figure 2B (right panel) has the donut appearance previously reported for primate histology. 16 There is an annulus of increased thickness surrounding the fovea with little or no RGCþ 
Eyes Grouped by MD of VF
The patients' eyes were divided into three groups based upon the MDs of their 24-2 VFs (see Methods section), and their thickness plots averaged. The left two columns of Figure 3 show the RNFL and RGCþ layer thickness maps. To obtain a clearer picture of the differences among groups, the thickness values in panel A for the healthy controls were subtracted from the patients' thickness maps. The resultant difference plots are shown in the right two columns, where the scale (lower panel) ranges from dark green, indicating a difference 0 lm, to dark red, indicating a difference .60 lm (RNFL) or .30 lm (RGCþ).
There was a clear thinning of both the RNF and RGCþ layers, even for the group with a MD better than À1.5 dB. This thinning increases with decreased MD.
In addition, it was clear that the thinning associated with the inferior retina (lower gray arrow) was greater than that of the superior retina (upper black arrow). The field data in Table 1 are in general agreement. For the group represented in panel D, the average TD for the upper visual hemifield (inferior retina) was À4.6 dB less than the TD of the lower visual hemifield (superior retina).
Hemifields of VFs Grouped by Defect Classification
Superior and inferior perimetric hemifields were classified separately as described in the Methods section. Table 2 indicates the number of hemifields in each category. The results were averaged for the four groups (normal, paracentral, partial arcuate, and arcuate) with !30 eyes (see Table 2 ). These four categories should also represent increasingly severe retinal fiber bundle defects. 10 The average thickness maps for the 54 control eyes from Figure 2 are reproduced in Figure 4A . As the analysis in Figure 4 was for defects of the upper field (inferior retina), the superior retina was partially occluded as a reminder that the focus here was on the inferior retina. As expected, the RNFL became thinner moving down the left column from the control group to the group with superior arcuate defects. This progressive thin-ning was easier to see in the third column, which showed the difference between the thickness of each group and that of the controls. This thinning became greater, and the region larger, from the superior fields classified as normal (B) to those classified as arcuate (E). However, an obvious difference was seen in the pattern of these results. The solid black contour in the lower panel (third column) was drawn to coincide with the yellow (À30 lm) contour in panel E (third column). This same contour was shown in the other panels as the dotted curve to support the point that the general region of the defect did not appear to change.
The thickness and difference maps for the macular RGCþ region were shown in the second and fourth columns of Figure 4 . The results were similar. First, there was a progressively greater thinning of this region, the group with normal fields (B) showed the least and the arcuate group showed the greatest. Second, the same region was involved in all groups (see dotted black contour for À15 lm). The results for the lower field were similar, although less extreme, as the damage was less severe.
To compare the relative thinning in the RNF and RGCþ layers, the difference maps in Figures 3 and 4 were converted to z scores using the standard errors (SEs) of the patient and control groups. Figure 5 shows the z-score plots for both groupings of VFs. Given the sample sizes, it was not surprising that the z-scores were so large. What was somewhat surprising is how the z values for the RGCþ layer of the macular region were typically as large as those for the arcuate fiber bundle.
Discussion
The general purpose here was to better understand patterns of glaucomatous abnormalities by averaging the fdOCT results from groups of patients categorized based upon their VF characteristics. Although many aspects of the results were expected, there were others that were not, or at least should be noted because of their clinical implications. While this was especially true of the glaucomatous damage of the macula, the average RNFL thinning seen in these patients is considered first.
RNFL Damage
On average, RNFL thinning was seen even in patients with MDs within the normal range (see . Results are shown for the healthy controls (A) and for the patients' eyes grouped according to MD of the 24-2 visual field, better than À1.5 MD (B); between À1.5 and À5.5 dB (C); and worse than À5.5 dB (D). The left two columns show the thickness maps of the RNFL of the disc scan and RGCþIPL of the macular scan. The right two columns are the difference maps produced by subtracting the thickness map of the controls from the thickness map of the patient group. Because disc sizes vary, the white ellipsoids masks the central region on the disc scans where data for at least 95% of the controls and 95% of the patients did not exist. ). The average RNFL values for these groups were clearly significantly thinner than those of the controls (see Fig. 5 ), consistent with previous fdOCT peripapillary measures. 18 As expected, the RNFL thickness showed orderly changes when the eyes were grouped by either MD or the pattern of VF loss. In particular, the thinning became greater as the MD became more extreme (more negative). For the field classification groupings, the hemifields classified as normal showed the least change in thickness, while the group with arcuate defects unsurprisingly showed the most. Keltner et al. 10 point out that classification systems describe how glaucomatous defects are thought to progress from ''... small, shallow deficits to large, deep defects ...'' seen in the nerve fiber bundle region of the field. Also consistent with this view, the pattern/ region of RNF thinning was similar across classification categories; this region just became thinner. Thus, as might be expected, while the fields could be categorized into discrete categories, the damage seen on fdOCT appeared to be continuous. Given the continuous nature of the thinning across the VF classification categories and the availability of fdOCT information, how VF damage is classified should be reconsidered. Classification schemes can be useful as a teaching aid to remind the glaucoma specialist that an abnormal region with a paracentral pattern is consistent with glaucomatous damage. In addition, the categories can also be used to stage the disease. 19 That is, a partial arcuate defect should indicate less damage than one that is arcuate. For either purpose, continuous probability plots of RNFL and RGCþ thickness combined with VF damage, also expressed as continuous probability, 20 may be more effective.
Damage to the Central Macula
On average, there was RGCþ damage in the central macula even in patients with MDs within normal limits and/or perimetric hemifields classified as normal (Figs. 3B, 4B) . Further, consistent with recent fdOCT of macular layer thickness, 21, 22 the zscore plots in Figure 5 suggested that this macular damage could be as easy to detect as was damage to the thick arcuate bundles.
Most importantly, the thinning of the macular RGCþ layer appeared first and was most severe in a region that fell within the central four points on the 24-2 test grid. This was illustrated in Figure 6A where the RGCþ difference plot from Figure 3D 7, 9, 23 It was noted that the major thinning of the macula fell within the central four test locations when RGC displacement was taken into consideration. The 24-2 (68 grid) protocol was not an optimal test pattern for detecting RGC damage to the macula.
It was also noted that the region of the macula that showed the greatest thinning was not involved in the classification scheme used here or by OHTS. In particular, the central points within the black rectangle of Figure 6A were not used in the classification of VF defects. 10 Thus, this central macular damage contributed little, if anything, to the categories of field defects in Table 2 .
The Nature of the Damage to the Macula
For years, the VF literature has contained evidence for glaucomatous damage in the macula, even in early stages of glaucoma. [24] [25] [26] [27] [28] [29] The RGCþ damage seen in this study undoubtedly included the small arcuate defects close to the fovea reported previously, 29, 31, 32 probably combined with some degree of diffuse damage. 33, 35 VF defects in the macula, including arcuate damage, are far more common in the upper field (inferior retina). 26, 27, 29, [31] [32] [33] For example, previous research 32 shows that of 11 macular arcuate defects strictly within the central 108, ten were in the upper VF (inferior retina). The counterpart of this finding was seen as the greater thinning of the inferior macular RGCþ layer (see Fig. 3D , gray arrow in right panel).
To understand the relation between the thinning of the macular RGCþ layer to that of the RNFL at the disc, Figure 6B combined the RNF thinning from the disc cube scan with the RGC thinning from the macular scan (Fig. 6A ) from the MD , À5.5dB group. The RGC thinning map was trimmed so as to show only the central 88. For reference, the dashed black circle (3.4 mm diameter) is the location of the peripapillary circle often used in analyzing OCT scans. The blue slanted lines on this peripapillary circle indicated the location of the range of the peaks of the RNFL damage seen in a previous study 29 of ten eyes with arcuate defects in the upper VF of the macula. As Hood et al. 33 explain, these macular arcuate defects are located largely in the inferior quadrant, not the temporal quadrant. The RNFL of this region of the inferior quadrant was thick (see Fig. 2C ).
We hypothesize that the inferior macula was more susceptible to arcuate damage than was the superior macula because of the region of the disc to which each projected. In particular, most of the RNF bundles (red circles and black curves) of the inferior macula entered the inferior quadrant of the disc, a region at high risk for glaucomatous damage. On the other hand, the analogous bundles (blue circle and black curves) in the superior macula entered in the temporal quadrant of the disc, a region less at risk. Figure 6C is a schematic model that encompasses a strong version of this null hypothesis. For now, it is assumed that all the RNF bundles from the RGCs in the central 688 of the superior retina (lower VF), but only a small portion of the inferior RNF bundles, entered the temporal quadrant of the disc (see Fig.  6C , gray region). In particular, most of the RGCs of the inferior macula (i.e., those within the red borders in Fig. 6C ) projected largely to the inferior quadrant of the disc. A further assumption is made that the temporal region of the disc was less susceptible to glaucomatous damage than was the inferior or superior quadrants, an assumption well-documented by fundus photographs as well as OCT and HRT measurements. For example, the peripapillary OCT studies of glaucomatous damage typically find that the superior and inferior quadrants show the best sensitivity, while the temporal region is poorer. 36, 37 With the assumption that the temporal region was less vulnerable, the schematic model helped explain various aspects of the VF literature on macula defects. The small squares are the locations of the RGCs associated with a VF test with a 28 grid such as the 10-2 test pattern. They were morphed to take RGC displacement 7, 9, 23 into consideration, as mentioned above. Perimetric studies of the macula show, in general, that upper VF (lower retina) defects are more common, more severe, and closer to fixation and the horizontal meridian than are defects of the lower VF (upper retina). 26, 27, 29, [31] [32] [33] Further, the relatively preserved central isle seen in advanced glaucoma typically includes a portion of the field shown in gray. 38 The schematic model provided a basis for these perimetric findings.
The Pattern of Normal RNFL Thickness and a Crowding Hypothesis for Glaucomatous Damage
In general, the thinning of both the RNF and RGCþ layers appeared greater in the inferior retina than in the superior retina, and less in the temporal region of the optic disc compared to the superior and inferior regions. The distribution of RNFL thickness in the controls suggested one possible basis for these findings.
The RNFL thickness map from Figure 2C was reproduced in Figure 7 . There are a few features of this map that deserve mention. First, the minimum thickness of the RNFL on the temporal side of the fovea was close to the horizontal meridian (red dashed line). This suggested that, on average, the raphe fell approximately along the horizontal meridian. Second, the RNFL thickness just temporal to the disc was not symmetric along the horizontal meridian (yellow dashed line). The thinnest portion of the RNFL at the disc (red arrow) was considerably above the horizontal meridian and fell just below the 9 o'clock location (black line) on the disc. Third, close to the disc, the RNFL thickness was greatest in the inferior disc region (Fig. 7 , dark green arrow at 6 o'clock location), followed by the superior disc (light green arrow at 12 o'clock), than the nasal disc, with the temporal disc showing the thinnest RNFL. This is the OCT/RNFL equivalent to the ISNT rule of rim thickness. 39 That is, the healthy rim should be thickest in the inferior disc and thinnest in the temporal disc. (Recall that the black dashed circle around the disc was the location of the circle [diameter of 3.4 mm] used in RNFL analysis of peripapillary OCT scans.) Finally, there were subtle, but perhaps important, differences between the pattern of the arcuate fibers in the inferior and superior disc regions. To illustrate these differences, the edge of the yellow region (thickness of 80 um) was outlined in black. These contours were superimposed in panel B after transposing the superior contour (dashed) along the horizontal axis. Note that the inferior retinal region (solid black) was narrower close to the disc than was the superior retinal region (dashed black). Further, as mentioned above, the inferior RNFL (dark green arrow in panel A) was thicker close to the disc than was the superior RNFL at comparable locations (light green arrow). This combination of a thicker and more restricted arcuate region in the inferior disc was probably a developmental consequence of the disc ordinarily being above the horizontal meridian.
The peripapillary pattern of RNFL thickness suggested a crowding hypothesis for glaucomatous disc damage. In particular, according to this hypothesis, the probability of glaucomatous damage at any given point of the optic disc was related to the thickness at that point. In support of that hypothesis, qualitative similarity between the thickness map of the controls in Figure 7 and the loss of RNFL thickness in Figure 6B should be noted. The mechanism(s) that underlay that apparent correlation between normal thickness and vulnerability was not clear. It might have been due, at least in part, to the fact that the thicker the RNFL, the more likely damage is to be detected. On the other hand, there might have been a structural basis for the vulnerability of regions of the disc with higher axon density. For example, it is known from the work of Quigley and Addicks, 40 and Dandona et al., 41 that the lamina cribrosa in the more vulnerable superior and inferior quadrants of the disc has larger pores and less connective tissue. In any case, testing whether the crowding hypothesis can predict the relative probability of damage in different regions of the VF would be worthwhile.
Translation to the Clinic Setting
From a clinical perspective, two implications of these results were found. First, and most importantly, the findings supported others [30] [31] in suggesting that, at best, the 24-2 is not an optimal test pattern for detecting glaucomatous damage. At worst, it can easily miss macular damage. In fact, Langerhorst et al., 30 found that in about 10% of the hemifields with both 30-2 and 10-2 tests, the 10-2 VF shows more damage than expected on the basis of the 30-2 field. They conclude that a 10-2 test should be performed on patients with questionable defects in the center of the 30-2 field. This study has been largely ignored. The 10-2 test pattern has the advantage of having many points within the central 88. However, the 10-2 test will miss damage outside the central 108. For glaucomatous screening, a map that has elements of both the 10-2 and 24-2 has clear advantages, 31 although the optimal location of the test points has yet to be established.
Second, it is suggested to combine both RGCþ and RNFL probability plots with VF information for detecting and following glaucomatous damage. 9 However, although the fdOCT data from this study suggested that damage can be detected earliest in the macular RGCþ plots as well as in the typical arcuate RNFL regions, it remains to be determined if adding macular information will improve sensitivity/ specificity.
Summary
As expected, VF categories appeared to represent different degrees of the same pattern of RGCþ and RNFL damage. However, RGCþ damage occurred in the central macula, especially in the inferior region, even in patients with VFs classified as normal. The 24-2 (68 grid) test is not optimally designed to detect macular RGC damage. A schematic model of RGC projections helped explain the pattern of macular loss, including the greater vulnerability of the inferior retinal region.
